We aimed to examine the effects of zinc supplementation on nutritional status, lipid profile, and antioxidant and anti-inflammatory therapies in maintenance hemodialysis (MHD) patients. We performed a systematic review and meta-analysis of randomized, controlled clinical trials of zinc supplementation. Metaregression analyses were utilized to determine the cause of discrepancy. Begg and Egger tests were performed to assess publication bias. Subgroup analysis was utilized to investigate the effects of zinc supplementation in certain conditions. In the crude pooled results, we found that zinc supplementation resulted in higher serum zinc levels (weighted mean difference [WMD] = 28.489; < 0.001), higher dietary protein intake (WMD = 8.012; < 0.001), higher superoxide dismutase levels (WMD = 357.568; = 0.001), and lower levels of C-reactive protein (WMD = −8.618; = 0.015) and malondialdehyde (WMD = −1.275; < 0.001). The results showed no differences in lipid profile. In the metaregression analysis, we found that serum zinc levels correlated positively with intervention time ( = 0.272; = 0.042) and varied greatly by ethnicity ( = 0.023). Results from Begg and Egger tests showed that there was no significant bias in our meta-analysis ( > 0.1). Results of subgroup analysis supported the above results. Our analysis shows that zinc supplementation may benefit the nutritional status of MHD patients and show a time-effect relationship.
Introduction
Zinc is an essential trace element for humans which is found in nearly 100 specific enzymes. Zinc plays "ubiquitous biological roles" in physiological function, including gene expression, protein synthesis, immune function, and behavioral responses [1] [2] [3] . Although the prevalence of zinc deficiency is still unclear in patients with maintenance hemodialysis (MHD), some data show adverse outcomes that may attribute to zinc deficiency [4, 5] . Malnutrition, as an independent risk factor of cardiovascular events, and death are the most common complications observed in MHD patients [6, 7] . Some studies have reported the potential relationship between zinc deficiency and other imbalances, such as oxidative stress, inflammation, or immunosuppression [8, 9] , and these disorders may contribute to poor prognosis of disease.
Many previous studies have investigated the effects of zinc supplementation in MHD patients. The relevant results show that zinc supplementation can improve a number of disorders including low-grade inflammatory process, protein-energy wasting, and impaired immune response [10, 11] . However, to our knowledge, there may be some inadequacies in separate clinic trials. For example, in a separate randomized controlled trial (RCT), it is hard to identify the effects of zinc supplementation in MHD patients with different races and varying intervention dosages. The existing data showed different and even contradictory results simultaneously within different studies [12, 13] . Yet, no studies have focused on the causes 2 BioMed Research International of heterogeneity. The incomparable evidences make it hard to assess the actual effects of zinc supplementation in MHD patients. These controversies may be ascribed to inadequate data and differences in experimental designs between the published investigations. A meta-analysis may help to find the sources of heterogeneity and clarify the effects of zinc supplementation on nutritional status, oxidative stress, and inflammation.
In this study, we collected relevant RCTs for systematic review and performed meta-analyses to comprehensively investigate the relationships between nutritional status, oxidative stress, and inflammation and zinc supplementation in MHD patients. Subsequently, we aimed to find conflicting results and analyze their causes. Our study may add to the existing literature. To identify additional potentially relevant publications, the related references from all retrieved articles and reviews were manually searched. Only published studies with fulltext articles were included in the meta-analysis. All data were entered into the Review Manager 5.0 software (Biostat, NJ, USA) by one author and checked by another author. Any disagreements were resolved by discussion between the two authors and by seeking the opinion of a third party when necessary.
Methods

Literature Search
Inclusion and Exclusion
Criteria. Types of studies included published reports of RCTs comparing zinc supplementation with controls (placebo or blank control) with available data for outcomes. Type of participants included studies that were restricted to any patients with MHD therapy stability. Records of the basic characteristics of participants (age, sex ratio, and dialysis duration) were required. Type of intervention included studies comparing zinc supplementation with a control for MHD patients. The dose of zinc compounds (zinc sulfate, zinc gluconate, or zinc aspartate) was converted to elemental zinc dose. The control intervention included placebo and blank control.
All outcomes were extracted for type of outcome measures. Only outcomes measured in at least 2 studies were included for the meta-analysis and were as follows: nutritional status: serum zinc levels, body mass index (BMI, kg/m 2 ), normalized protein equivalent of nitrogen appearance rate (nPNA, g/kg/d), dietary protein intake (g/kg/d), albumin (g/dL), hemoglobin, triglycerides (g/dL), total cholesterol (mg/dL), low density lipoprotein (mg/dL), and high density lipoprotein (mg/dL) levels; inflammation: Creactive protein (CRP, ng/mL); and oxidative stress: malondialdehyde (MDA, nmol/mL) and superoxide dismutase (SOD, U/g Hb).
Studies were excluded if there is lack of data regarding oral dosage of zinc or intervention time. Trials of sexual dysfunction were also excluded due to prior analysis. If any studies included multiple publications on the same RCT, we chose the one with the highest quality according to the study quality assessment.
Study Quality Assessment.
The method quality of each study was evaluated by 2 authors independently using the Cochrane Risk of Bias Tool that included 6 evaluation criteria [14] : random sequence generation (selection bias), allocation sequence concealment (selection bias), blinding (performance and detection bias), selective outcome reporting (reporting bias), incomplete outcome data (attrition bias), and other potential sources of bias. The judgment for each criterion was indicated as "low risk of bias," "high risk of bias," or "unclear risk of bias."
Data Extraction and Synthesis.
Two independent investigators performed data extraction using the inclusion criteria as described above. All discrepancies were resolved by discussion and, if required, participation by a third author. The following information was extracted from each study: first author's surname, year of publication, race and geographical location of the study, sample size, age, base disease, dialysis duration, oral zinc dose, the control intervention (placebo or blank control), and outcomes. The 2 investigators' results were compared, and disagreements were resolved by discussion.
Statistical Analysis.
Statistical analyses were performed using Stata version 10.0 software (StataCorp LP, College Station, TX, USA). The effect of each outcome was determined by calculating the respective weighted mean difference (WMD) with a 95% confidence interval (CI). Heterogeneity of the effect size was evaluated using the and -squared statistics. A fixed effects model was used when the value was >0.05 and -squared was <50%; otherwise, a random effects model was used. The significance of the pooled WMD was determined using a test. We used Begg and Egger tests to investigate the publication bias of our meta-analysis. To explore the sources of heterogeneity, we performed a meta-regression analysis. Subgroup analyses were also used to evaluate the effect in various conditions. values < 0.05 were considered significant. The above work was completed by 2 authors and checked by a third author.
Results
Characteristics of Studies.
A total of 106 relevant published articles were identified following the aforementioned retrieval strategy. After strict review, 91 of these publications were excluded (73 records were screened by title/abstract and 18 records were screened by full-text) and 15 relevant published articles were identified and selected for our metaanalysis ( Figure 1 ). The included studies enrolled a total of 645 MHD patients, among which 345 were treated with zinc supplementation and 300 were treated with placebo or as blank control. Of these included studies, 8 were West Asian (Iran, Turkey, and Egypt), 5 were European or American (United Kingdom, United States, and Mexico), and 2 were East Asian trials (Taiwan and Japan). All studies included patients with chronic kidney disease (CKD) and one complicated low protein catabolic rate. Mean age of participants ranged from 13 to 80 years with dialysis for at least 3 months. The elemental zinc doses ranged from 11 to 100 mg and followup ranged from 40 to 360 days. The main characteristics of included studies are summarized in Table 1 .
Quality Assessment of Included Studies.
Of the 15 included studies, all claimed to apply randomized methods; however, only 2 used such methods (drawing random numbers). One clearly described allocation concealment (third party ensuring). Ten studies had a double-blinded design, but the details were unclear. Only one study described the pharmacy clinical trials unit as a third party, ensuring a doubleblinded design. Eight studies reported withdrawals, but the results were not analyzed on an intention-to-treat basis. Of the 15 included studies, 8 reported all expected outcomes. Only 4 studies reported dietary restrictions. This may have caused potential bias due to insufficient information in the included trials. A summary of findings is shown in Figure 2 .
Crude Pooled Results of Each Outcome.
In the crude analysis, we found that levels of serum zinc, dietary protein intake, and SOD in the zinc supplementation group were higher than levels in control group after treatment. The The results showed no differences in BMI, nPNA, hemoglobin, or lipid profile ( > 0.05). Heterogeneity was significant in the results. Of the 15 pooled outcomes, 10 showed obvious heterogeneity ( -squared > 50%, < 0.1).
Results from Begg and Egger tests showed that there was no significant bias in our meta-analysis ( > 0.1). All data are presented in Table 2 . Relative bioavailability of zinc sulfate, gluconate, and aspartate may be different and worth further analysis. For inadequate reports, meta-analysis for effect of different zinc compounds was not performed.
Results of Metaregression and Region-Subgroup Analysis.
To explore the sources of heterogeneity, we performed a metaregression analysis on serum zinc levels. Oral zinc dose, intervention time, baseline of serum zinc, and region of study were selected as dependent variables. As shown in Figures 3  and 4 , we found that serum zinc levels correlated positively with intervention time ( = 0.272, = 0.042). Subgroup data suggested a significant difference among race ( = 0.023), and serum zinc levels of patients in Europe and America showed the lowest effect. These 2 factors explained 43.83% of the bias. No correlations were identified between serum zinc 
Results of Dose Subgroup.
To explore the effects of zinc dose on various outcomes, we performed a dose-special subgroup analysis. The results showed zinc supplement results in higher serum zinc levels and lower CRP and MDA levels, which was consistent with the crude results. However, no dose-effect trend was found when zinc dose changed. In the heterogeneity test, 8 results showed obvious heterogeneity out of a total of 23 ( -squared > 50%, < 0.1). All data are presented in Table 3 .
Results of Intervening Time Subgroup.
To investigate the effects of intervention time on a series of outcomes, we performed a time-special subgroup analysis. In the results, we found that zinc supplementation induced a time effect in serum zinc levels and dietary protein intake. Although our results showed zinc supplementation results in higher SOD levels and lower CRP and MDA levels in all subanalyses, no time effect was identified. Heterogeneity was lower in the time subgroup compared with results in the crude analysis. Of the 25 results analyzed, 4 showed obvious heterogeneity ( -squared > 50%, < 0.1). All data are presented in Table 4 .
Discussion
Some dialysis complications, such as malnutrition and inflammation, were partly attributed to zinc deficiency. From previous studies, the conclusions regarding zinc supplementation for MHD patients were not consensus. The effect on nutritional status was one of the most controversial results. Contrary to the majority of opinions and our results, Matson et al. reported that evidence is limited for proving the effects of zinc supplementation on anorexia and nutritional status in MHD patients [12] . An earlier article attributed this discrepancy to age of patients and zinc absorption [28] . Notably, in the study of Matson et al., differences in serum zinc levels were not statistically significant between the treatment and placebo groups. However, in our analysis, we found that zinc supplementation increased serum zinc levels for MHD patients. Our results showed that intervention time and race are two factors that correlated significantly with serum zinc levels, and there is a time-effect but not a doseeffect relationship in zinc supplementation. In the included studies, we found that the median intervention time was 60 days and the median zinc dose was 45 mg/day. In the study of Matson et al., patients received 220 mg zinc sulfate (45 mg elemental zinc) per day for 6 weeks; thus, the limited intervention time may be a possible explanation. It is also plausible that zinc supplementation showed different effects from various racial groups. The mean change of serum zinc levels in the Taiwanese population was several times higher than in the Western regions [8] . European studies showed the lowest effect compared with data from Asia, most likely due to differences in epidemiology and diet. Further studies are warranted to comprehensively investigate the precise effect on different racial groups. Another notable finding was that, although no statistical significance was found in data on albumin and hemoglobin, the values were close to the significance threshold (albumin: = 0.061; hemoglobin: = 0.069). Subgroup analyses also showed a time-effect relationship in the two factors. We assume the long-term effect of zinc supplementation may improve these nutritional indices, but this interpretation also requires further testing. Nonetheless, our results suggest intervention time of zinc supplementation should be adequate when aiming to improve nutritional indices and appetite.
Hypercholesterolemia and hypertriglyceridemia have been reported in previous studies on zinc-deficient diets, which could induce cardiovascular events and insulin resistance in CKD patients [29, 30] . Although a series of previous studies suggest that zinc supplementation improves blood lipid metabolism, this finding was not drawn from our pooled data. The effects and trends of zinc supplementation on lipid profile were inconsistent and even contradictory in the results [17, 20, 21] . There are several possible explanations for this discrepancy. First, it is possible that the characteristics of included patients were divided. For example, zinc supplementation could increase blood lipids by improving energy intake in patients with anorexia [31] and show an opposite effect when including patients with hyperlipemia or insulin resistance [32] [33] [34] . Second, little is known about lipid intake from the included studies; diverse dietary lipid intake may have led to information bias. Therefore, more evidence is needed to determine the effects of zinc supplementation on lipid profile in MHD patients.
Inflammation and oxidative stress are common complications in MHD patients. Several previous studies have found that zinc deficiency in MHD patients may result in increased oxidative stress and CRP concentrations [22, 35] . The antioxidative action of zinc involves 2 mechanisms: (1) directly protecting easily oxidized groups such as sulfhydryl and (2) producing some other ultimate long-term antioxidant like metallothionein [36, 37] . Zinc could also decrease CRP and other inflammatory cytokines through increased antioxidant power; the major target is most likely the NF-kappa b pathway [38, 39] . In our analysis, all the included studies showed that zinc supplementation was positive for anti-inflammatory and antioxidant activity. The pooled results showed statistical significance in all subgroups, and no significance for time or dose effect was observed. This may suggest that zinc supplementation may lead to an anti-inflammatory and antioxidative effect in MHD patients. It should be noted that there might be some possible limitations in our meta-analysis. First, adverse outcomes of zinc supplementation were not analyzed. As is known, although zinc is an essential requirement for good health, an excess in zinc supplementation can be harmful. Excessive absorption of zinc can suppress copper and iron absorption and may cause nerve damage [40, 41] . In the included studies, only one paper mentioned asking patients whether they had experienced any adverse effects. No side effects could be analyzed in the pooled data; incomplete data may have deterred this evaluation. Second, due to insufficient data, the effects of zinc supplementation on clinical endpoint events, such as cardiovascular events or death, remain unclear. Such discrepancies make it difficult to attain strong evidence for MHD patients. Finally, the epidemiology varies significantly across the different regions. For example, zinc deficiency is widespread in East Asia (nearly 40% to 60% of the population have mild or moderate zinc deficiency); the proportion is much lower in Europe and America [42, 43] . However, metaanalyses of the racial subgroups could not be performed due to lack of data in most outcomes. This may have generated a selection bias in our results.
Conclusion
Our meta-analysis suggests that zinc supplementation benefits the nutritional status of MHD patients and shows a timeeffect relationship. It also leads to an anti-inflammatory and antioxidative effect in MHD patients. Still, there is a need for more evidence regarding the effects on lipid profile. Given the presence of data deficiency in this study, further studies are warranted to comprehensively investigate the effects of zinc supplementation on clinical endpoint events and on race.
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